Electromagnetic tracking systems (EMTS) are increasingly used in computer assisted surgery, motion capture, kinematic studies and military applications. The main application in the medical domain represents the support of minimal invasive surgeries. However, in these applications EMTS often suffers from distortions by conductive, para-and ferromagnetic materials or stray field emitters that affect their accuracy. In this paper we present a new method for distortion detection in EMTS caused by conductive materials. It is based on the analysis of the voltage time course within the receiving coil, supplying the EMTS sending coils by square wave signals. Our approach allows for detecting of distortions using a single 5 DOF field sensor. The proposed method was evaluated on an experimental setup of a tracking system.
Introduction
Electromagnetic tracking systems (EMTS), which were originally developed for military applications [1] , are becoming nowadays essential components of an image guided surgery systems [2] . An EMTS is based on the current induction within a sensor coil mounted on the medical device by several emission coils spatially distributed around the region of interest. Depending on their position, orientation, inductances and currents each emission coil induce a specific voltage in the sensor coil. By an accurate measurement of the inductions from all emission coils the position and orientation of the sensor coil can be estimated.
EMTS are used in computer assisted surgery to track the position of the instruments relatively to the patient's anatomy [3] . It has been successfully used for navigation in ear, nose and throat surgery (ENT), cranial and spine application. Since micro sensors are available, it has been used in tightly controlled cardiac mapping and pulmonary applications. EMTS have also shown their benefit in laparoscopic ultrasonography, needle aspiration biopsy, ultrasound freehand tracking, interstitial brachytherapy, ultrasound bone registration and it has also been introduced for endoscopic and bronchoscopic procedures [3, 4, 5, 6, 7, 8 and 9] . New studies focus on the feasibility of EMTS application in vascular interventions [10, 11] .
EMTS are often required to operate in an environment containing metallic objects (conductive, para-or ferromagnetic) or electronic devices that may affect the magnetic reference fields. Ferromagnetic materials could alter the shape of the reference field that will distort both, direct current (DC) and alternating current (AC) EMTS [2, 12, and 13] . The eddy currents induced in conductive materials generate secondary AC magnetic fields, which distort the reference field pattern [2, 14, 15, and 16] . The resulting fields are difficult to determinate or characterize analytically [2, 17] . Stray fields produced by electronic devices [6, 17] or power lines [12] also distort the reference field. According to [17] also internal electronic components of EMTS may have an influence on the accuracy of position measurement as well. Distortions coming from electronic devices and eddy currents additively overlay the reference field. This will be used in presented approach. Errors caused by nearby metallic objects are the most serious problems in clinical applications [18] . In a minimal invasive surgery operating table, LCD displays, light, metal studded walls, C-arms, operating microscopes and surgical instruments placed in proximity to the field generator affect the accuracy of EMTS [1, 12, 17, 18, and 19] . The requirement of accuracy is especially critical in vascular and neurovascular interventions, where the interventionist has to maneuver precisely with the catheter in vessels.
Distortions in EMTS could be eliminated by placing potential sources of distortions far from the intervention, but usually, this is not possible in clinical applications. There are many methods for the compensation of distortions coming from metal structures fixed in position and orientation presented in the literature. A survey of such methods of calibration has been presented in [20] . However, calibration techniques cannot compensate for dynamic distortions introduced by mobile objects such as surgical tools. In such situations measurements could be averaged, as well as filtered (e.g. with a Kalman filter) [21] . The detection of field distortion could also be based on two field sensors attached rigidly to the surgical tool. The known distance between sensors could be compared with the measured one. For deviations exceeding the tolerance, an error message will be presented [12] .
In contrast, the present method of distortion detection does not require usage of two receiving coils that increase dimensions of the position sensors. In our novel approach the voltage coming from eddy currents induced in conductive materials is detected based on the oscillation of voltage induced on the receiving coil.
Method
An AC EMTS is based on measurements of known electromagnetic fields with a receiving coil. In such an approach, one or more sending coils and one or more receiving coils could be used [1] . In order to investigate properties of such a system, a tracking system containing eight sending coils, one receiving coil, an analog-digital converter and a computer was developed. A digital-analog converter generates a sinusoidal signal (1 kHz), which was amplified and fed into a sending coil. The voltage induced on the receiving coil is amplified and measured using an analog-digital converter. A position and orientation algorithm was implemented in Matlab software with integrated Data Acquisition Toolbox, based on an algorithm described in [14] . The system of equations was over-determined [15] ; instead of just five, the six highest voltages induced on the receiving coil were substituted in the system of equations. An aluminum disc with a diameter of 10 cm and a thickness of 3 cm was used as source of distortions. The developed field generator was placed on a non-metallic table to avoid metallic interferences.
Calculation of the position in EMTS is based on an electromagnetic field measurement. In AC EMTS, the electromagnetic field is measured using a receiving coil coupled with a sending coil. Mutually inductive coupled coils of EMTS could be considered as an air-core transformer with a very low coupling coefficient. The equivalent circuit of such a transformer is presented in Fig. 1 , where R 1 and R 2 are the resistances of the corresponding windings, L 1 and L 2 are the inductivities of coils. Figure 1 . Equivalent circuit of two magnetic coupled coils A current flow through the sending coil depends on a voltage applied to the sending coil (1). It could be presented as a transfer function linking the voltage and the current flow through the sending coil (2). In the second step, the voltage induced on the receiving coil will be also calculated (3) and presented in form of the transfer function (4) for a specific mutual inductivity M 12 . The impedance of the receiving coil can be neglected, because of a high internal impedance of the measuring circuit. The calculations could be used for the evaluation of the transfer function linking the applied voltage on the sending coil and the voltage induced on the receiving coil (5).
The step response induced on the receiving coils implies information about the sending coil and mutual inductivity between sending and receiving coil (6, 7). The time constant τ 1 is proportional to inductivity and inversely proportional to the resistivity of the coil (8) . In the presented approach, the distortion will be detected based on the different time constants in the step response of the voltage induced on the receiving coils in the presence of conductive objects. A parasitic voltage induced on the receiving coil from eddy currents has different dynamic properties that will be presented based on the following measurement. It will be used to detect the presence of conductive materials near the EMTS. The Heaviside step function was generated, amplified and fed into the emission coil. The voltage time course fed into the emission coil in time is presented in Fig. 2a . The receiving coil was fixed at position (22.5 mm, 0 mm, 107 mm) in the internal coordinate system of the developed EMTS. The step response of the system with the presence of conductive materials has additional eigenvalue ( Fig. 2b and Fig. 2d) . The difference of both signals measured on the same position (Fig 2 c) is equivalent to the voltage induced on the receiving coil from eddy currents induced in the aluminum plate. This indirectly induced voltage has a different step response than the voltage induced directly. This can be used for the detection of a voltage induced by eddy currents in voltage measured on the receiving coil of EMTS. 10. This transfer function include time constant τ 2 , which is proportional to inductivity and inversely proportional to the resistivity of the distortion. The step response voltage coming from the distortion modeled using the RL-circuit and measured on the receiving coil is presented in 11-12.
The step response induced on the receiving coil by the investigated distortions has much longer time constants than the voltage induced directly. This can be used for the detection of an influence of distortions on measured voltages in AC EMTS. In order to detect the presence of objects with longer time constant, an average voltage sampled between 1.25 ms and 1.625 ms after applying the step function will be compared with an average voltage sampled between 10 ms and 25 ms. The first interval (1.25ms -1.625ms) was chosen because the voltage induced in this interval on the receiving coil directly by the sending coil decays to zero (see Fig. 2d ). Therefore, if a voltage on the receiving coil is detected, it will be induced by the distortions. If the difference exceeds 0.5 mV in one of 8 measured voltages coming from every sending coil, the measurement will be assumed as distorted. This value was assessed experimentally according to analysis of the noisy signal measured with the analog-digital converter.
Results
In order to evaluate the presented method, the accuracy of EMTS was first evaluated. The evaluation method base on grid board measurement presented in [18] , where the calculated position of the sensor is compared with mechanical measured. Both calculated and measured positions are presented in Fig 3a. The mean RMSE of 36 calculated positions was 0.9 mm (x-axis), 1.1 mm (y-axis) and 0.6 mm (z-axis). The performed measurement covers a cuboid having a width, depth and height of 20x6x10 cm 3 respectively. The mechanically measured position was taken as a reference. After every measurement the presence of conductive objects was additionally tested by the algorithm described above. The measurements were performed in an electromagnetically non-shielded room; therefore they could have been additionally affected by background noise [17] . The results of the distortion detection are presented in fig. 3b . In the next step an aluminum disc was placed in the working area. The center of the disc was placed at the point (0mm, 90mm, 100mm) using the internal coordinate system of the developed tracking system. The utilized grid board, EMTS and distortion are presented in Fig 4. The calculated position and the results of distortion detection are shown in Fig. 5a and 5b respectively. The mean RMSE of 36 calculated positions in respect to the measured position was equal to 8.6 mm (x-axis), 8.3 mm (y-axis) and 9.6 mm (z-axis). 
Discussion
The aluminum disc placed nearby the electromagnetic field generator significantly influenced the accuracy of the EMTS (Fig. 5a ). The inaccuracies of the EMTS exceed 10 mm, which is inadmissible in minimal invasive surgery. The presented method allows the detection of the presence of conductive material near the electromagnetic field generator and indicates to the user whether the position measurement was distorted.
In the scenario without conductive objects in the working area, two points were interpreted as distorted. In contrast, in the presence of the aluminum disc 33 measurements were interpreted as disturbed.
Errors caused by nearby metals are the most serious problem in a clinical application of EMTS [18] . In this paper a novel distortion detection method for AC electromagnetic tracking systems is presented. Based on the step response analysis, the presence of distortions near the receiving coil is detected. The presented approach enables the distortion detection using a single 5 DOF position sensor (receiving coil). Detection of distortions could help the interventionist to avoid the interaction between conductive objects and EMTS. It can increase the acceptance of electromagnetically guided surgery, 
. Conclusion
because it will let the radiologist keep traditional workflow during interventions.
In future work, surgical instruments instead of discs will be detected. Application of a higher amplification factor of the voltage measured at the receiving coil and an appropriate selection of the compared time intervals should increase the reliability of the proposed method.
